immediately after sampling, and the remainder of the seawater sample was non-filtered. Both of these filtered and non-filtered samples were acidified to pH ca. 1 by adding conc. HNO3. The concentrations of analyte metals in the seawater samples with and without filtration are hereafter referred to as the dissolved and total concentrations, respectively. All of the seawater samples were preserved in high-density polyethylene bottles, which were cleaned by soaking in 6 M HNO3 for more than one week and washing with pure water prior to use.
Instrumentation
An ICP-MS instrument (Model SPQ 8000A (Seiko Instruments, Chiba)), consisting of a quadrupole-type mass spectrometer, was used for determining trace metals in seawater. An ICP-AES instrument (Model Plasma AtomComp MkII; Jarrel Ash, Flanklin, MA, USA) was also used for the determination of Fe as well as major and minor elements. The instrumental components and operating conditions of the ICP-MS and ICP-AES instruments are given in Table 2 . These operating conditions were chosen after optimization of each instrumental parameter. A pH meter (Model twin pH meter from Horiba Seisaku-sho, Kyoto) was used for pH measurements. This pH meter was of non-contact type in order to avoid contamination from the electrode materials.
Chemicals
Chemicals such as nitric acid, hydrochloric acid, acetic acid, and aqueous ammonia solutions were of electronics industry grade, purchased from Kanto Chemicals (Tokyo). The multielement standard solutions used for making the working calibration curves were prepared from single-element standard solutions (1000 mg l -1 ) of analyte metals for atomic absorption spectrometry from Wako Pure Chemicals (Osaka).
The compositions of the multielement standard solutions were similar to those used in previous work. 5 The chelating resin (Chelex 100) in 100 -200 mesh was purchased from Bio-Rad Laboratories (Lichmond, CA, USA). The resin was soaked in 5 M HCl for about one week, changing every day, and washed with pure water before use. The pure water used throughout the present experiment was prepared by a Milli-Q purification system (Nihon Millipore Kogyo, Tokyo).
Preconcentration procedure of trace metals in seawater
Trace metals in both filtered and non-filtered seawater samples were preconcentrated by using a chelating resin (Chelex 100) prior to the determination by ICP-MS in a manner similar to that described in previous papers. [5] [6] [7] In the preconcentration procedure, a 250 ml sample of the seawater was taken in a glass beaker, and the pH of the sample was adjusted to pH 6 by using an acetic acid solution and an aqueous ammonia solution. Then, 0.2 g (dry weight) of the chelating resin was added to the seawater sample, and the sample solution was stirred for 2 h with a magnetic stirrer. The chelating resin 400 ANALYTICAL SCIENCES MARCH 2001, VOL. 17 was then collected on a glass filter (G4) by filtration, and rinsed with 8 ml of 1 M ammonium acetate solution to elute any Mg and Ca partly adsorbed on the resin. Finally, analyte metals adsorbed on the chelating resin were eluted with 6 ml of a 2 M HNO3 solution, into which 0.5 ml of a mixed solution of Ge, In, Re, and Tl (100 µg l -1 each) was added as internal-standard elements to correct for any matrix effects due to co-existing major elements. As a result, about 40-fold preconcentration in volume was achieved. The thus-obtained solutions are hereafter referred to as the analysis solutions for the ICP-MS measurements. As a consequence, 28 trace metals could be determined by the present method.
In addition, major elements, such as Na, K, Mg and Ca, were determined by ICP-AES after appropriate dilution of the seawater samples with pure water. However, since no specific variation of these major elements was observed, no description of them is given in the present paper.
Results and Discussion

Analytical figures of merit
The analytical detection limits of trace metals obtained by the present analytical method are summarized in Table 3 , together with the blank values, where only Fe was measured by ICP-AES. These analytical detection limits were estimated as follows, in a similar manner to previous work. 5 First, the instrumental detection limits were obtained as the concentrations of analyte metals corresponding to 3-times the standard deviation (3σ) of the blank signal intensities at each m/z in the ICP-MS measurement, when 2 M HNO3 was nebulized as the blank solution into the plasma. The standard deviation (σ) was calculated from 10-times repeated measurements. Then, the analytical detection limits were estimated from the instrumental detection limits, while taking into account the preconcentration factors and the recovery values in the chelating resin preconcentration. As can be seen from Table 3 , the analytical detection limits for 28 analyte elements were over the range from 0.02 µg l -1 of Ti to 0.000006 µg l -1 of Ho. The blank values in the present method were almost negligible because they were much lower than the abundances of analyte elements in seawater. The relative standard deviations, for example, for V, Mn, Ni, Cu, Mo, Cd, La, Eu, Lu, W, and U in the dissolved forms, were 5.4, 5.4, 2.6, 4.8, 6.6, 7.8, 5.6, 8.9, 4.5, 3.1, and 1.6%, respectively, in replicate measurements (n = 3) at their concentration levels in open seawater, as previously reported. 3 
Concentrations of dissolved trace metals in surface seawater
First, surface seawater samples filtered with the membrane filters were subjected to the determination of dissolved trace metals by ICP-MS after chelating resin preconcentration. Here, dissolved trace metals indicate analyte metals in membranefiltered surface seawater. The analytical results for 28 trace metals are summarized in Table 4 . In Table 4 , the data for the average concentrations of dissolved trace metals in the seawater samples collected at the No. 1 -No. 3 stations (inland-sea area) and at other stations (No. 4 -No. 17; Kuroshio current zone) are separately shown as the concentrations in the inland-and opensea areas, respectively. In addition, the literature values for the concentrations of dissolved trace metals in seawater collected in the different sea areas 2, [8] [9] [10] [11] [12] are also given in Table 4 .
As can be seen from Table 4 , the concentrations of dissolved trace metals in the inland-sea area were over the range from 17.7 µg l -1 of Zn to 0.00017 µg l -1 of Eu, while those in the Kuroshio current zone were over the range from 10.2 µg l -1 of Mo to 0.000044 µg l -1 of Eu and Tm. The concentrations of most trace metals, except for V, Mo and U, were significantly higher in the inland-sea area near Osaka Bay than in the Kuroshio current zone. These results indicate that seawater in the inland-sea area is clearly polluted by some artificial sources due to material flows through the rivers. As previously reported, 3 oxoanion-forming metals, such as V, Mo and U, which were at concentration levels higher than 1 µg l -1 , showed almost uniform concentration distributions at all sampling stations. On the other hand, the concentrations of W, which is also an oxoanion-forming element, were higher by about 3-fold in the inland-sea area than in the Kuroshio current zone. 3 These results suggest that the influences from some anthropogenic sources are not detected at the µg l -1 level within the experimental error, while such influences can be sensitively detected at the lower ng l -1 level. Similar trends can also be seen for Cd, Pb and all REEs (rare earth elements). Furthermore, trace metals, such as Al, Mn, Fe, Ni, Cu and Zn, whose concentrations were above the µg l -1 level, provided higher concentrations in the inland-sea area than in the Kuroshio current zone. These results may be interpreted by the fact that a large amount of use of metals in the modern industrial society causes the accumulation of such metals as anthropogenic pollution in bay areas. However, it should also be considered that some parts of Al, Fe and Mn in bay areas are supplied as terrestrial clay minerals from the rivers. The concentrations of V, Co, Mo and Cd in the Kuroshio current zone were in good agreement with the literature values. 9, 10, 12 The concentrations of most other analyte elements were slightly different from the literature values, although their differences for each element were within one order of magnitude. These facts mean that the concentrations of dissolved trace metals determined in the present study were at reasonable levels. However, the concentrations of Al, Fe, Ni, Cu and Zn were relatively or significantly higher in the Kuroshio current zone than the literature values. 2, 10 The high concentrations of these elements suggest that the pollution caused by human activities was relatively large in seawater along the ferry track between Osaka and Okinawa. It should also be pointed out as another possibility that the high concentrations of the elements listed above might be caused by contamination from the stainless-steel pipe used for seawater sampling. Since we cannot judge the causes for the high concentrations of Al, Fe, Ni, Cu and Zn in seawater from the Kuroshio current zone, a further careful investigation should be performed in the future.
Total concentrations of trace metals in surface seawater
The total concentration here is defined as the concentration of trace metal in surface seawater acidified prior to filtration with a membrane filter. Thus, trace metals dissolved from particulates, in addition to the dissolved concentration, are contained in the total concentrations. Such total concentrations of trace metals in surface seawater examined in the present experiment are also summarized in Table 4 , where the data for the inland-sea area and the Kuroshio current zone are also separately shown in a manner similar to their dissolved concentrations. The total concentrations of trace metals in surface seawater were in the range from 33.1 µg l -1 of Fe to 0.00053 µg l -1 of Tm in the inland-sea area, and in the range from 18.1 µg l -1 of Fe to 0.00010 µg l -1 of Lu in the Kuroshio current zone. Generally, the total concentrations of Al, Fe, REEs and Pb were significantly higher than their dissolved concentrations, especially in the inland-sea area near Osaka Bay. Of course, these results are reasonable because trace metals additionally dissolved from particulates by acidification with nitric acid are contained in the total concentrations. It is also noted here that the total concentrations of most heavy metals in the inland-sea area were higher than those in the Kuroshio current zone, which almost belongs to the open sea of the West Pacific Ocean.
In Fig. 1 , the concentration distributions of Mn, Cd and REEs (La, Ce, Gd, Eu, Ho, Lu) for both the total and dissolved concentrations are shown for a comparison. It can be seen from Fig. 1 higher than the dissolved concentrations. These results indicate that the suspended particles are more distributed in the inlandsea area than in the open-sea area. Similar trends, that the total concentrations of Mn and Fe were significantly higher than their dissolved concentrations, were observed in the Tokyo Bay. 8, 10 In the case of Cd, both the total and dissolved concentrations were almost similar to each other at all of the sampling stations, although both of these concentrations were higher in the inland sea than in the open sea. This fact may indicate that Cd in surface seawater is mostly in the soluble form, perhaps, in CdCl4 2-.
Concentration variations of oxoanion-forming metals in surface seawater along the ferry track from Osaka to Okinawa
The distributions of the total and dissolved concentrations of Mo, U, V and W in surface seawater samples collected at the 17 sampling stations are shown in Fig. 2 . As previously reported, 3 the mean dissolved concentrations of Mo, U and V in all of the seawater samples examined were 10.2 ± 1.7 µg l -1 , 3.38 ± 0.49 µg l -1 and 1.60 ± 0.17 µg l -1 , respectively. These concentration levels were quite reasonable, compared to the literature values as the concentrations of Mo, U, and V dissolved in seawater, 2 although some fluctuations of the concentrations were observed, probably because of their poor recoveries in chelating resin preconcentration. 5, 6 It can be seen from Fig. 2 that the dissolved concentration of W was at the 0.01 µg l -1 level in the open-sea area, which was lower by ca. 3 orders of magnitude than those of Mo, U and V. Under these conditions, the dissolved concentration of W was significantly higher at Stns. 1 -3 in the inland-sea area compared to those at all other sampling stations in the open-sea area.
The variations in the total concentrations of Mo, U, V and W in the surface seawater at the 17 sampling points along the ferry track from Osaka to Okinawa are also shown in Fig. 2 . It can be seen from Fig. 2 that the total concentrations of Mo, U and V are almost at the same concentration levels in the surface seawater from Osaka to Okinawa. However, extremely high total concentrations were observed for W near Osaka Bay in the inland-sea area, which were higher by almost 10-fold than those in open sea near to the Okinawa Islands. In addition, the total concentrations of W were also significantly high at Stn. 6 near to the Bungo Canal and at Stn. 9 near to the exit of Kagoshima Bay. It is stated here from the results in Fig. 2 that the markedly high concentrations of W were commonly observed at the sampling stations near to industrial areas with large populations. These results certainly indicate some anthropogenic pollution caused by human and industrial activities. Similar concentration profiles were also observed for Mn and REEs, as can be seen in Fig. 1 .
Acid-soluble fractions of trace metals in surface seawater
As described in the experimental section, the surface seawater samples acidified before and after filtration with a membrane filter were subjected to a determination of the total and dissolved concentrations, respectively. Thus, the differences between the total and dissolved concentrations of trace metals correspond to their acid-soluble concentrations in surface seawater. Therefore, the acid-soluble fractions of trace metals were estimated as the ratios (%) of the acid-soluble concentrations to the total concentrations. Such acid-soluble fractions of trace metals in surface seawater are shown in Fig. 3 , , total concentration; , dissolved concentration. In the open-sea area, the REEs generally provided large acidsoluble fractions of more than 50%, while Al, transition metals (Cu, Mn, Ni, Co, Zn, Cd) and oxoanion-forming metals (U, Mo, V) provided small acid-soluble fractions of less than 25%. These results suggest that REEs are much more contained as the acid-soluble forms in the suspended particulates in surface seawater of the open-sea area, while oxoanion-forming metals and Cd in open seawater exist mostly as the soluble forms. In the cases of Al and transition metals, they are apparently in fine colloidal particles which may pass the membrane filter.
In the inland-sea area, the acid-soluble fractions of trace metals showed some characteristic behaviors, which were different from those in the open-sea area. The acid-soluble fractions of REEs are significantly larger in the inland-sea area than in the open-sea area. However, the acid-soluble fractions of light-REEs (La, Ce, Pr) are generally much larger than those of heavy-REEs (Tm, Yb, Lu). According to a study on the chemical speciation of REEs in lake water 13 and blood serum, 14 heavy-REEs are more soluble than light-REEs because heavyREEs provide larger stability constants in complex formation with biogenic organic molecules, compared to light-REEs. In addition, Al and Mn showed markedly large acid-soluble fractions in the inland-sea area. These results suggest that Al and Mn in the surface seawater of the inland sea are mostly in the colloidal forms of hydroxides and/or oxides, which are easily soluble even in weak acid. As mentioned earlier, similar trends were observed in terms of Mn and Fe in seawater collected in Tokyo Bay. 9, 12 The acid-soluble fractions of W, Y, Ni, Co, Mo, and V in inland-sea area are also larger than those in the open-sea area. Thus, trace metals which provided the large acid-soluble fractions may exist as the colloidal forms of hydroxides and/or oxides forms adsorbed on the suspended mineral particulates.
The variations of the acid-soluble fractions for Mn and W in surface seawater along the ferry track from Osaka to Okinawa are also shown in Fig. 4 . As can be seen from 
Variations of the dissolved and total concentrations of W, Cd, and La along the ferry track between Osaka and Okinawa
As has been discussed so far, various trace metals in the dissolved and acid-soluble forms showed significant concentration changes in the inland-and open-sea areas. In . These results indicate that the emission of W from anthropogenic sources due to human and industrial activities in big cities with large populations can be sensitively detected as environmental pollution because of its low concentration (below 0.01 µg l -1 ) in original seawater. It should be noted that the concentrations of Mo, U, and V, which were above 1 µg l -1 , were almost constant through the ferry track examined. As can be seen in Fig. 5 , trends similar to the case of W were also observed in the cases of Cd and La, whose concentrations in the open sea were at the lower ng l -1 or sub-ng l -1 level.
Conclusion
Multielement monitoring of the dissolved and acid-soluble concentrations of 28 trace metals in surface seawater along the ferry track between Osaka and Okinawa was carried out by ICP-MS after chelating resin preconcentration. These results show that most of trace metals were significantly higher in the inlandsea area than in the open-sea area. In addition, it was elucidated from the acid-soluble fractions of trace metals in the open-and inland-sea areas that large parts of Al, Fe, and Mn in the inlandsea area existed as colloidal forms of hydroxides and/or oxides adsorbed on suspended particulates.
Furthermore, REEs provided the large acid-soluble fractions in all of the sea areas, although the acid-soluble fractions of heavy-REEs were smaller in the inland-sea area than those of light REEs.
As a consequence, it can be conclusively stated here that some 404 ANALYTICAL SCIENCES MARCH 2001, VOL. 17 
